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Biological populations of cells show considerable cell-to-cell variability. Study of single cells and analysis
of cell heterogeneity are considered to be critical in understanding biological processes such as stem cell
differentiation and cancer development. Recent advances in lab-on-a-chip techniques have allowed
single-cell capture in microﬂuidic channels with the possibility of precise environmental control and
high throughput of experiments with minimal usage of samples and reagents. In recent years, label-free
techniques such as electrical impedance spectroscopy have emerged as a non-invasive approach to
studying cell properties. In this study, we have designed and fabricated a microﬂuidic device that
combines hydrodynamic trapping of single cells in pre-deﬁned locations with the capability of running
electrical impedance measurements within the same device. We have measured mouse embryonic stem
cells (mESCs) at different states during differentiation (t¼0 h, 24 h and 48 h) and quantitatively analysed
the changes in electrical parameters of cells during differentiation. A marked increase in the magnitude
of the cell impedance is found during cell differentiation, which can be attributed to an increase in cell
size. The analysis of the measurements shows that the nucleus-to-cytoplasm ratio decreases during this
process. The degree of cell heterogeneity is observed to be the highest when the cells are at the transition
state (24 h), compare with cells at undifferentiated (0 h) and fully differentiated (48 h) states. The device
enables highly efﬁcient single cell trapping and provides sensitive, label-free electrical impedance
measurements of individual cells, enabling the possibility of quantitatively analysing their physical state
as well as studying the associated heterogeneity of a cell population.
& 2016 The Authors. Published by Elsevier B.V. This is an open access article under the CC BY license
(http://creativecommons.org/licenses/by/4.0/).1. Introduction
Biological populations of cells show considerable cell-to-cell
variability either as a result of the intrinsic stochasticity of gene
expression or due to extrinsic factors such as subtle differences in
cell microenvironments (Haselgrubler et al., 2014; Huang, 2009).
There has been much interest recently in understanding how this
non-genetic heterogeneity affects how single cells within a po-
pulation respond to stimuli and whether some cells act differently
to others. The most common tools currently available to study cell
heterogeneity are automated imaging of large numbers of cells
(followed by complex data analysis) or ﬂow cytometry where the
scatter or total ﬂuorescence of single cells can be measured
(Huang, 2009). Flow cytometry gives the statistical distribution of
a population at the resolution of individual cells and provides the
most lucid information on population heterogeneity. However,r B.V. This is an open access articleﬂow cytometry cannot monitor temporal changes in the properties
of an individual cell. To monitor and track single cells in real time,
techniques such as live video-microscopy have been developed
and used. Single-cell analysis offers the opportunity to study the
kinetic changes of individual cells over time, which cannot be
obtained from ﬂow cytometry.
Recently, there has been considerable effort put into develop-
ing label-free approaches that do not require complex equipment
such as electric cell-substrate impedance sensing (ECIS), single-
cell dielectric and impedance spectroscopy (Bagnaninchi and
Drummond, 2011; Chen et al., 2014; Gawad et al., 2004; Holmes
et al., 2009; Morgan et al., 2007; Myers et al., 2013; Song et al.,
2013; Zhu et al., 2014). Such methods are unbiased, allowing the
identiﬁcation of cells for which the expression of speciﬁc markers
are unknown. Electric cell-substrate impedance sensing (ECIS) has
been used for decades as a label-free real-time way of monitoring
a range of cellular processes that involve changes in cell shape or
size such as cell growth, division, adhesion and apoptosis. How-
ever, ECIS is mostly carried out on bulk populations of cells andunder the CC BY license (http://creativecommons.org/licenses/by/4.0/).
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variations (heterogeneity). Moreover, cell–cell interactions, which
are inevitable in bulk measurements, can inﬂuence measurement
results and complicates direct interpretation of the data.
Recent advances in micro-/nanofabrication and lab-on-a-chip
techniques have allowed single-cell impedance spectroscopy, i.e.,
single-cell impedance ﬂow cytometry (Gawad et al., 2001; Holmes
et al., 2009; Malleo et al., 2010; Sun and Morgan, 2010), opening
up the possibility of studying single cells and cell-to-cell hetero-
geneity. These studies have not only allowed the distinction of
different cell type subpopulations within a mixed sample (Gawad
et al., 2001; Holmes et al., 2009), but also simpliﬁed analysis such
that it is now possible to extract parameters that describe the cell
such as cell size, membrane capacitance and cytoplasm con-
ductivity (Asami 2002; Gawad et al., 2004). However, similar to
ﬂuorescence-based ﬂow cytometry that provides population
snapshots and cannot monitor temporal changes within individual
cells (Huang, 2009), impedance-based ﬂow cytometers also lack
the ability to track time-dependent changes in properties of in-
dividual cells (Malleo et al., 2010).
As a result, there has been much interest recently in developing
techniques for single cell trapping, manipulation and analysis. One
of these techniques, which does not require complicated in-
strumentation, is hydrodynamic trapping. Various designs have
been proposed to realise single-cell trapping using hydrodynamic
forces (Bell et al., 2011; Di Carlo et al., 2006; Tan and Takeuchi,
2007, 2008). Among these, a novel trapping design described by
Tan et al., based on differential ﬂuidic resistances in microﬂuidic
channels, has been associated with efﬁcient and reliable trapping
of micron-scale particles and cells (Tan and Takeuchi 2007, 2008).
Hydrodynamic trapping provides great opportunities for time-
dependent single cell study. An example of coupling cell capture
with impedance analysis has been illustrated by Malleo et al., who
have demonstrated impedance study of HeLa cells in response to
chemical disruption in a microﬂuidic device containing multiple
trapping sites (Malleo et al., 2010).
Analysis of stem cells at single-cell level is critical when un-
derstanding processes such as stem cell differentiation and cancer
development. Methods have been developed to study stem cells
and understand how the properties of stem cells change during
differentiation (Bagnaninchi and Drummond, 2011; Flanagan et al.,
2008; Myers et al., 2013; Pethig et al., 2010; Song et al., 2013).
Real-time monitoring of stem cell differentiation is made possible
by using the bulk ECIS technique and unique changes in im-
pedance that correlate with differentiation are observed (Bagna-
ninchi and Drummond, 2011). However, bulk measurements can-
not provide information about individual cells or cellular hetero-
geneity. On the other hand, single cell analysis using impedance
ﬂow cytometry has also been carried out recently and showed that
by looking at the electrical impedance ratio between two speciﬁc
frequencies (a term called opacity), it is possible to distinguish
undifferentiated and differentiated stem cells (Song et al., 2013).
However, as mentioned before, ﬂow cytometry only provides the
instant information about cell distributions within a population
and does not provide the time-dependent information on in-
dividual cells. Combining the real-time impedance measurement
capability with single-cell analysis techniques is thus of great in-
terest. Further, there is still lack of research currently in quanti-
tatively studying electrical properties of individual stem cells and
the cell differentiation process based on the label-free impedance-
based methods.
In this work, we have combined the technique of hydro-
dynamic trapping together with impedance spectroscopy within a
single microﬂuidic device that not only enables efﬁcient trapping
of single cells, but also allows electrical impedance-based mon-
itoring of individual cells in a label-free, non-invasive and non-contact manner. We have performed impedance measurements
for mouse embryonic stem cells (mESCs) at single-cell level and
applied this technique to study the embryonic stem cell differ-
entiation process. A very clear distinction between the cells at
various differentiation states and a change in cell heterogeneity
during differentiation has been observed. To our knowledge, this is
the ﬁrst time anyone has performed quantitative analysis of the
embryonic stem cell differentiation process at single-cell level,
using the electrical impedance-based approach. The electrical
frequency response of individual stem cells during the course of
differentiation has been studied for the ﬁrst time, and electrical
parameters of stem cells at different differentiation states have
been extracted and quantitatively analysed. The results show that
these extracted parameters, considered as electrical markers of
cells (i.e., physical markers from electrical measurements), can be
used to quantify their physical state.2. Materials and methods
2.1. Design and theory
An overview of the fabricated device is shown in Fig. 1A. Co-
planar electrodes are patterned on the bottom glass substrate for
impedance sensing. The top layer, made of PMDS, contains mi-
croﬂuidic trapping channels for single cell capture. Fig. 1B is a 3D
schematic diagram showing the microﬂuidic channels (grey col-
our) as well as impedance sensing electrodes (yellow colour).
Fig. 1C is the diagram schematic of one sensing unit, illustrating
the mechanism of trapping and impedance sensing of a single cell.
The principle of the cell trapping utilised in this work is based on
the hydrodynamic trapping mechanism and the differential ﬂuidic
resistance exhibited in channels (Tan and Takeuchi 2007, 2008).
The device is designed in such a way that differential electrodes
are adapted into the microﬂuidic chip for electrical impedance
spectroscopy. There are two paths from point A to point B: Path
1 and Path 2. The straight channel, Path 1, can be subdivided into
ﬁve regions (notated as i, ii, iii, iv, v in Fig. 1C) based on different
channel widths and geometries. Region i and v are the actual
positions where cells will be physically trapped, so these two re-
gions are referred to as “traps” throughout the text and face op-
posite each other. Only one of these traps will be normally occu-
pied depending on the ﬂow direction. The narrowest regions in
Path 1 (ii and iv), known as the trapping gaps, are smaller than
cells and thus allow cells to be mechanically constrained and im-
mobilised in place in the traps (region i and v). Path 2 is a bypass
channel, which shunts cells away from an occupied trap and leads
them onto the next one. The ﬂow resistance along Path 1 is de-
signed to be lower than that of Path 2, so that a particle can be
driven into a trap by hydrodynamic forces when the trap is empty.
Once the trap is occupied by a cell, the ﬂow through Path 1 is
blocked, and thus the next cell will be driven into the bypass
channel and enter the next available trap. The design and deri-
vation details of the channel dimensions are described in Sup-
plementary Information and summarised in Table S1.
As shown each of the adjacent cell traps has two corresponding
impedance-sensing electrodes located underneath the channels.
Depending on the ﬂow direction, a cell can be captured in one of
the traps. No matter which trap is occupied, the other one is al-
ways kept empty and can thus serve as a reference. This trapping
conﬁguration enables the use of a differential impedance mea-
surement scheme. Differential measurements can eliminate any
unexpected change and drift caused by the surrounding environ-
ment or electrode properties (Gawad et al., 2001; Malleo et al.,
2010). Since the two traps are very close to each other, they have
very similar conditions inside the channel, in terms of
Fig. 1. Device overview, structure and working principle. (A) A fabricated microﬂuidic device, composed of a PDMS top layer and a glass substrate with patterned electrodes.
(B) Magniﬁed 3D schematic diagram of the cell trapping channels (grey colour) and impedance sensing electrodes (yellow colour). (C) Schematic diagram illustrating the
trapping and sensing mechanism. The channels are designed in such a way that the ﬂow resistance along the short trapping path (Path 1) is lower than that of the U-shaped
bypass channel (Path 2). When the trap is empty, a cell in the ﬂow will be driven into the trap. Once the trap is occupied by a cell, the ﬂow through Path 1 is blocked, and
hence the next cell will be driven into the bypass channel and enter the next available trap. (D) Electrical model of a cell suspended in a medium inside the microﬂuidic
system. (For interpretation of the references to color in this ﬁgure legend, the reader is referred to the web version of this article.)
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to any of these factors can be effectively rejected by using this
differential design. This is particularly beneﬁcial for single cell
characterisation where high sensitivity and accuracy are required.
As shown in Fig. 1C, the two electrodes underneath the occupied
trap sense the impedance of the cell being captured, and thus are
referred to as the sensing electrodes (or sensing group). The two
electrodes underneath the empty trap located nearby measure the
impedance of medium, and are thus called the reference electro-
des (or reference group).
When an AC electric ﬁeld is applied to a cell in suspension, the
dielectric properties of the cell change as a function of frequency,
known as Maxwell-Wagner dispersion. The dielectric behaviour of
cell suspensions can be analysed using Maxwell′s mixture theory.
Fig. 1D presents the electrical model of a cell suspended in a
medium inside a microﬂuidic system. It should be noted that the
scenario as depicted in this ﬁgure is idealised. In reality the electric
ﬁeld and current density distributions are non-uniform because of
the structured channel with small trapping gaps. It has been ver-
iﬁed from numerical simulations (COMSOL Multiphysics 4.4) that,
in this design, the current density is concentrated (and thus
highest) in the narrow trapping gap (Fig. S1 in Supplementary
Information). The cell is modelled by the “double-shell” model
(Asami et al., 1989; Irimajiri et al., 1978, 1979), where the cell is
composed of four phases, i.e., cell membrane, cytoplasm, nuclear
envelope and nucleoplasm. The “double-shell” implies the thin cell
membrane and nuclear envelope, with the membrane separating
the cytoplasm from the ambient medium and the nuclear envel-
ope separating the nucleoplasm from the cytoplasm. Each phase is
modelled with its own electrical properties (conductivity ‘ σ ’ and
permittivity ‘ε’). The conductivity and permittivity of the medium
are σmed and εmed respectively. The double-shell model can be used
for studying cells with a high nucleus-to-cytoplasm (N/C) ratio
such as stem cells, as the properties of the nuclear envelope and
nucleoplasm are taken into account. The total complex impedance
of a cell surrounded by a medium (i.e., cell-medium mixture) in
the sensing volume is ̃Zmix and the complex impedance of the
medium in the reference volume is ̃Zmed. Coplanar electrodes are
patterned on the bottom glass substrate. Between the electrodesurface and the electrolyte forms an electrical double layer, of
which the capacitance is notated as ̃CDL. With double layer capa-
citance taken into account, the total impedance measured from
the electrodes in sensing group is ̃Zsense and the total impedance
measured from the electrodes in the reference group is ̃Zref . The
expressions of these complex impedances, as a function of the
electrical parameters (e.g., permittivity, conductivity) of each cell
phase, are provided in Supplementary Information, based on
Maxwell′s theory of interfacial polarisation. The differential spec-
trum of a cell can be obtained by normalising the impedance of
the sensing group with regard to the impedance of the reference
group (Malleo et al., 2010), i.e., ̃ = ̃ ̃Z Z Z/diff sense ref .
2.2. Device fabrication
Electrodes (20 nm Ti and 100 nm Au) were patterned on Pyrex
glass wafers by lift-off. The master moulds for the microﬂuidic
channels (geometric dimensions are listed in Supplementary In-
formation Table S1) were fabricated using negative photoresist SU-
8 2015 (MicroChem) by standard photolithography. Microﬂuidic
trapping channels were then fabricated using PDMS (poly-
dimethylsiloxane) soft lithography techniques. The fabricated de-
vice was connected to external instrumentation by surface mount
connectors. The connectors were bonded to the electrode pads on
the chip using silver conductive epoxy (Fig. 1A). Details of device
fabrication are presented in Supplementary Information.
2.3. Cell preparation
Mouse embryonic stem cells were cultured in standard serum
and LIF conditions as previously described (Reynolds et al., 2012).
These cells were then trypsinized and resuspended in PBS for live
cell impedance measurements. Fixed cells were prepared in 2%
methanol-free formaldehyde (ThermoScientiﬁc, 28908) for 5 min
and then resuspended in PBS for impedance measurements. Cell
nuclei were prepared after ﬁxation by incubating for 30 min on ice
(with inversion every 10 min) in 10 mM Tris–HCl pH 8.0, 10 mM
NaCl, 0.2% NP-40 and a protease inhibitor cocktail (Roche).
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media for 24 and 48 h as previously described (Reynolds et al.,
2012). These cells were then ﬁxed and resuspended in PBS for
impedance measurements.
2.4. Experiment and simulation
The microﬂuidic device was connected to a 1 ml syringe with
PTFE tubing (0.59 mm ID  0.25 mm Wall) and 23 G needles.Fig. 2. Single cell trapping and corresponding impedance spectrums. (A) Examples show
to left. Cells were captured in the right traps (sensing group), while the left traps were e
shown in (A), and an additional spectrum illustrating the case where no cell is trapped
impedance data from the sensing group to the impedance data from the reference gro
normalised impedance spectra of mESCs and curve ﬁtting based on simulations. Both the
average value of ten cells. Error bars show the standard deviation. Simulations using MAT
references to color in this ﬁgure legend, the reader is referred to the web version of thFluid ﬂow was controlled by syringe pumps. Before use, the
channels were pre-treated with 1% BSA (in 1 PBS) for 30 min to
block hydrophobic interactions between biological samples and
PDMS surface. The chip was connected with an impedance ana-
lyser (Solartron SI 1260) for impedance measurements. Prior to
cell characterisation, the device was ﬁrst ﬁlled with PBS buffer, and
a calibration experiment was performed for the device itself, ser-
ving as a baseline for further cell measurements. After the cali-
bration, cells were loaded into the device at ﬂow rate of 20 ml/hr.ing the trapping of ﬁxed mouse embryonic stem cells. Flow direction was from right
mpty (reference group). (B) Differential impedance spectra of the eight single cells
(i.e., both left and right traps are empty). ̃Zdiff was obtained by normalising the
up. Both Magnitude, | Zdiff |, and the phase Φdiff are provided. (C) Average of the
magnitude and phase are presented. The experimental data point (black) shows the
LAB (red line) were based on the double-shell cell model. (For interpretation of the
is article.)
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the device was washed with buffer. Cell impedance measurements
were then conducted with the impedance analyser. A 100 mV in-
put was used. The frequency range was from 100 Hz to 20 MHz,
with 10 points being measured per decade. During the impedance
measurements, the ﬂuid ﬂow was stopped to minimise the cell
deformation caused by the ﬂuid shear stress. No cell was observed
to escape from the traps as long as the ﬂuid connections (e.g.,
syringes, tubings) were kept undisturbed. Analytical simulations
based on the double-shell cell model were performed using
Matlab.3. Results and discussion
3.1. Single cell trapping and impedance measurements
Single embryonic stem cells from mice were successfully
trapped, and their impedance spectra were measured, analysed
and ﬁtted to physical models. Fig. 2A shows several examples of
single cell trapping in the proposed device. Electrodes were pat-
terned on the bottom glass substrate for impedance sensing. Fixed
mouse embryonic stem cells were used in this experiment. The
ﬂow direction was from right to left, thus cells were captured in
the traps facing to the right (upstream), while the traps facing to
the left (downstream) were all kept empty. The traps where cells
were captured are known as the sensing groups, and the empty
traps located nearby are known as the reference groups. An input
AC voltage was applied to the middle electrodes, and currents
were measured from the rightmost and leftmost electrodes to
calculate the impedance of the sensing group and the reference
group respectively. Once a cell is trapped, it replaces the medium
in the sensing volume, causing a change in the impedance across
the sensing group, and thus the differential impedance spectrums,
̃Zdiff , which is obtained by normalising the impedance of the sen-
sing group to that of the reference group. Fig. 2B shows the dif-
ferential impedance spectrums, in terms of the magnitude (| Zdiff |)
and phase (Φdiff ), of the eight cells shown in Fig. 2A.
In the case where no cell is trapped (i.e., both left and right
traps are empty), only the medium impedance is sensed in both
the sensing group and the reference group. The impedance across
the right trap should be the same as the impedance across the left
trap due to the symmetric channel geometries. In ideal case, both
the differential magnitude and phase spectrums should be straight
lines (versus frequency). Fig. 2B shows such a spectrum, illus-
trating the case where no cell was trapped. The slight ﬂuctuations
of the straight-line response may result from the misalignment of
the trapping channels with electrodes during fabrication process.
Nevertheless, it can be seen from the ﬁgure that the differential
impedance magnitude tends to be 1 and phase to be 0 across the
whole frequency range when no cell is trapped.
To take into account the asymmetry problem caused by fabri-
cation, all devices used in this work were calibrated prior to cell
trapping and characterisation, serving as a baseline for further
measurements. Deﬁne the baseline impedance as: ̃ =
̃′
̃ ′Zbase
Z
Z
sense
ref
,
where ̃ ′Zsense and ̃ ′Zref are the impedance of the sensing group andTable 1
Extracted parameters for ﬁxed cells and live cells.
Cell diameter (mm) Nucleus-to-Cytoplasm (N/C) Ra-
dius Ratio
Membrane speciﬁ
Fixed cells 13.4071.24 0.7270.07 0.02670.004
Live cells 14.2270.82 0.7870.05 0.03570.006the reference group before cell trapping (i.e., when no cell is
trapped and only impedance of the medium is measured from
both groups). In other words, ̃Zbase is the response of the device
itself. In order to eliminate the inﬂuence of device geometry
mismatch and fabrication errors, the measured differential spec-
trum of a cell is normalized to the corresponding baseline spec-
trum, resulting in a normalised spectrum: ̃ = ̃ ̃Z Z Z/norm diff base where
̃Zbase corresponds to the value of ̃Zdiff when no cell is trapped. The
magnitude and phase of the normalised spectrum are ̃Znorm and
Φnorm, respectively. As the normalised spectrum minimises the
measurement error caused by the device, this term would be used
to describe the impedance spectrum of a cell throughout the text.
̃Znorm can be considered as an electrical signature of a particular
cell and can be used to identify different cells.
Fig. 2C shows the averaged impedance spectrum of ﬁxed
mESCs and curve ﬁtting based on the double-shell cell model. Both
the normalised magnitude, ̃Znorm , and phase, Φnorm, are presented.
Each experimental data point (black) shows the average value for
ten cells while the error bar indicates the corresponding standard
deviation. Variations in impedance among individual cells are
caused by the intrinsic heterogeneity exhibited among cells. The
intrinsic heterogeneity, deﬁned as the cell-to-cell variability in the
absence of inhomogeneity in the environment (Huang, 2009), is
probably due to the fact that the cellular ﬂuctuations are not
synchronized between cells in the sample, i.e., cells are at different
stages in a cell cycle and thus have different properties. The curve
ﬁtting was performed using Matlab (red line in Fig. 2C), by as-
suming that the following parameters are constant: σmem¼ 8 mS/m;
εcp¼ 60ε0; σne¼ 9.8 mS/m; εnp¼ 60ε0; dne¼ 40 nm; ε0¼8.85410–
12 F/m. The measured conductivity of cell suspending medium is
0.5 S/m. Electrical parameters of cells are extracted from the
double-shell cell model and summarised in Table 1 (Fixed cells), in
which the speciﬁc capacitance of membrane is described as:
= εCmem d
mem . The extracted parameter values are in general agree-
ment with published literature, where cells were measured by
impedance cytometry or dielectric spectroscopy (Asami et al.,
1989; Ermolina et al., 2000; Holmes et al., 2009; Mansor and
Ahmad, 2015; Polevaya et al., 1999). This work focuses on the
study of mouse embryonic stem cells, and the extracted para-
meters applies to this particular cell line. Therefore, though the
extracted values generally reside in the normal range reported in
literature, they also exhibit difference, indicating the unique
electrical properties of the mESCs being measured.
Single cell impedance measurements were performed for
whole cells (both ﬁxed and live cells) and for nuclei only. Fig. 3
summarised the averaged spectra of ﬁxed/live cells and nuclei
respectively. Each experimental data point indicates the average
value of ten cells and the standard deviation is presented by the
error bar. The experimental data of ﬁxed and live cells were ﬁtted
to the double-shell cell model, while the nuclear spectrum was
ﬁtted to the single-shell model. Although the nuclear envelope has
a double membrane structure, Asami et al. (Asami et al., 1989) had
found that there was no difference between the two models when
describing nuclei and only one dispersion was observed if the
conductivity of the nuclear envelope is larger than 1 mS/m (which
is usually the actual case). It was thus concluded that the nuclearc capacitance (F/m2) Cytoplasm conductivity (S/
m)
Nucleoplasm conductivity
(S/m)
0.4870.05 1.0270.10
0.5370.03 1.3570.05
Fig. 3. Experimental and simulation normalized impedance spectra for ﬁxed cells, live cells and nuclei. Both the magnitude and phase are shown. Each experiment data
point is the average value for ten cells. Error bar is the standard deviation. The experimental data of ﬁxed cells and lived cells were ﬁtted with the double-shell cell model,
and the nuclei spectrum was ﬁtted with single-shell model.
Table 2
Extracted parameters for nuclei.
Nucleus diameter (mm) Nuclear envelope conductivity (mS/m) Nuclear envelope speciﬁc capacitance (F/m2) Nucleoplasm conductivity (S/m)
11.6571.30 9.971.7 0.001570.0007 1.5570.45
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employed to simplify the analysis. Extracted parameters for cells
and nuclei are summarised in Table 1 and Table 2, respectively. A
clear difference between whole cells and nuclei is observed from
the impedance spectra. This is due to the fact that the dielectric
properties of the nuclear envelope are signiﬁcantly different from
those of the cell membrane (Pethig et al., 2010). By extracting the
corresponding electrical parameters for the nucleus from the ex-
perimental results, it is seen that the conductivity of the nuclear
envelope (9.9 mS/m) is more than three orders of magnitude
higher than that of the cell membrane (8.0 mS/m), providing ex-
perimental veriﬁcation of the assumption used implicitly in pre-
viously published models (Asami et al., 1989; Ermolina et al.,
2000; Pethig et al., 2010; Polevaya et al., 1999) that the nuclear
envelop exhibits a much larger conductance compared with the
cell membrane due to the existence of nuclear pores and ion
channels in the nuclear envelope.
The difference in impedance spectra between ﬁxed cells and
live cells may result from the ﬁxation process, during which the
properties of cell membrane and cytoplasm may change. Even in
the same sample, individual cells are seen to exhibit variations in
electrical response. An explanation for the variation is that cells
are at different cycle stages and hence have different sizes and
dielectric properties. In addition to this, the change of cell shape
and morphology during the trapping process, or the position
where the cell is physically trapped can also be the reasons why
the variations in cell impedance exit even in the same sample.
Even though there are several factors that may inﬂuence the re-
sults, the averaged impedance spectra can still provide valuable
and useful information for studying the behaviour of a particular
cell population.
3.2. Study of stem cell differentiation
An impedance-based study of cell differentiation was carried
out. Mouse embryonic stem cells were prepared and ﬁxed at dif-
ferent time points in a differentiation cycle: 0 h (pre-differentia-
tion); 24 h after differentiation; and 48 h after differentiation.Impedance spectra of single cells at different differentiation states
are summarised in Fig. 4A (magnitude) and Fig. 4B (Phase). Eigh-
teen cells were tested in each sample (0 h, 24 h and 48 h, re-
spectively). A trend of impedance change is observed as the dif-
ferentiation time increases. Cells differentiated at 48 h generally
give more pronounced responses than those given by the un-
differentiated cells (at 0 h). Most of the cells at 48 h have im-
pedance spectra with large magnitudes, however, there was one
cell that gives a much lower response. The impedance spectra for
this cell seems to be similar with that of the undifferentiated cells
(at 0 h), implying that this cell may not have commenced differ-
entiation. Another interesting phenomenon is observed from cell
sample differentiated at 24 h. The impedance spectra at 24 h tend
to divide into two sub-groups, one with lower magnitudes similar
to the undifferentiated cell at 0 h and the other one with higher
magnitudes similar to the differentiated cells at 48 h, indicating
that only part of the cells are differentiated while others remain
undifferentiated. The impedance variation among individual cells,
which is an indication of cell heterogeneity, is found to the largest
when certain cells are found to be differentiated at 24 h. Un-
differentiated (at 0 h) and fully differentiated (at 48 h) cells exhibit
smaller heterogeneity compared with the cells in the transition
state (at 24 h). The averaged impedance spectra of all cell samples
are presented in Fig. 4C (magnitude) and Fig. 4D (Phase). Each
experimental data point is the average value of eighteen cells.
Error bar is the standard deviation. An increase in the impedance
magnitude and phase (absolute value) is observed from cells dif-
ferentiated at 0 h to cells differentiated at 48 h. The most sensitive
frequency range to distinguish different cell samples, based on the
magnitude spectrum, is from 10 kHz to 200 kHz. On the other
hand, the frequency range where the phase data differ most is
from 80 kHz to 1 MHz.
Opacity, which is deﬁned as the ratio of the measured signal
amplitude at high frequency to that at low frequency, has been
widely used in cell impedance spectroscopy (Gawad et al., 2001;
Holmes et al., 2009; Song et al., 2013). Song et al. had demon-
strated a microﬂuidic impedance ﬂow cytometer to distinguish the
undifferentiated and differentiated cells (mouse embryonic
Fig. 4. Cell differentiation study. (A) and (B) show the normalised impedance spectra (magnitude and phase respectively) of single cells at different differentiation states: 0 h,
24 h and 48 h. Each window shows spectra for eighteen individual cells overlaid in the plot. (C) and (D) present the averaged magnitude and phase data based on (A) and (B),
as well as corresponding curve ﬁttings. Each experimental data point shows the average value of 18 cells. Error bars show the standard deviation.
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low frequency 50 kHz) (Song et al., 2013). In this work, opacity
analysis was conducted for undifferentiated cells (0 h) and differ-
entiated cell (48 h) in the frequency range of 100 kHz to 10 MHz.
Here, the opacity is calculated by the taking the ratio of the nor-
malised impedance at high frequency ( ̃ _Znorm highfreq) to the nor-
malised impedance at low frequency ( ̃ _Znorm lowfreq). The low fre-
quency component in the opacity term is measured at 50 kHz.
Fig. 5 illustrates the opacity magnitude measured from 100 kHz to
10 MHz. It is observed that the two cell populations (0 h and 48 h)
can be effectively distinguished by the opacity measured at fre-
quencies higher than 200 kHz using the proposed device. In par-
ticular, a large difference between differentiated and un-
differentiated cells at frequencies above 1 MHz has been observed.
The ﬁnding is generally in agreement with the statement in the
literature, however, the opacity difference between different cell
populations measured in this work are more remarkable and
distinguishable compared with other reported results (Song et al.,
2013). The increase in sensitivity is contributed by the uniquedesign of the device (e.g. the narrow trapping gap in the channel
squeezes and concentrates current streamlines between sensing
electrodes resulting in highest current density at the region where
the cell is located; while the differential electrode conﬁguration
provides cancellation of common-mode drift).
Electrical parameters of cells at different differentiation states
in Fig. 4 are extracted based on the double-shell cell model and
summarised in Table 3. The following parameters are ﬁxed: σmem¼
8 mS/m; εcp¼ 60ε0; σne¼ 9.8 mS/m; εne¼ 5ε0; dne¼ 40 nm; εnp¼
60ε0. The nucleus-to-cytoplasm (N/C) radius ratio is found to de-
crease during the differentiation process (83% for undifferentiated
cells at 0 h and 67% for cells after 48 h differentiation). The de-
crease in N/C ratio with cell differentiation and maturity was also
mentioned elsewhere (Arpitha et al., 2005; Pethig et al., 2010). An
increase in cellular size but not nuclear size during embryonic
stem cell differentiation has been demonstrated previously by
high-resolution ﬂuorescence microscopy (Pagliara et al., 2014). The
authors have measured the cellular and nuclear cross sectional
areas during embryonic stem cell differentiation and found that
the cytoplasm increased signiﬁcantly in cross-sectional area
Fig. 5. Measured opacity of undifferentiated cells (0 h) and differentiated cells
(48 h) at frequencies ranging from 100 kHz to 10 MHz. The low frequency com-
ponent is 50 kHz. Error bars present the standard deviations.
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ferentiation and 150 mm2 after 48 h differentiation), while the
nuclear cross-sectional area showed very little change (80 mm2
before differentiation and 82 mm2 after 48 h differentiation). Here,
we have observed similar trends (which can be obtained from
Table 3): the cytoplasm cross-sectional area shows an obvious
increase during differentiation (104 mm2 before differentiation;
132 mm2 after 24 h differentiation; and 163 mm2 after 48 h differ-
entiation), while the nuclear cross-sectional area almost remains
constant (72 mm2 before differentiation; 72 mm2 after 24 h differ-
entiation; and 73 mm2 after 48 h differentiation). The differentia-
tion protocol used in this work is slightly different from the one
used in the paper referenced (Pagliara et al., 2014), therefore, the
absolute values stated here will not be identical to those stated in
that paper. Nonetheless, the N/C ratio is found to decrease during
cell differentiation.
On the other hand, the speciﬁc capacitance of the cell mem-
brane is observed to increase during differentiation. This increase
can be attributed to the increase in cell size. Other factors that
might contribute to the increase of the speciﬁc cell membrane
capacitance include a decrease in the thickness of the cell mem-
brane or an increase in the permittivity of the cell membrane
during differentiation. The research on investigating the biological
mechanism behind these changes is still ongoing. There is an
uncertainty in determining the conductivity of the cytoplasm and
that of the nucleoplasm, as these two parameters have similar
inﬂuences on the impedance spectrum. From the best ﬁtting to the
model, both the cytoplasm conductivity and nucleoplasm con-
ductivity are found to increase during differentiation. However,
due to the uncertainty in determining these two parameters, there
could be other interpretations of this result. The biological ex-
planation for the increase in cytoplasm conductivity or nucleo-
plasm conductivity is yet not very clear and is still underTable 3
Electrical properties of cells differentiated at 0 h, 24 h and 48 h, respectively.
Differentiation time
(h)
Cell diameter
(mm)
Nucleus-to-Cytoplasm (N/C)
Radius Ratio
Membrane
0 11.5370.57 0.8370.04 0.01870.0
24 12.9670.34 0.7470.02 0.02470.0
48 14.4070.50 0.6770.02 0.03670.0investigation. It should also be mentioned that the uncertainties
associated with the measurement setup and the noise at high
frequencies may inﬂuence the numerical ﬁtting process when
determining the conductivities of cytoplasm and nucleoplasm.
Therefore, the standard deviations of the cytoplasm conductivity
and nucleoplasm conductivity, stated in Table 3, comprise both the
effects arising from cell-to-cell variations, and the additional un-
certainties caused by the measurement system although these
uncertainties are still much smaller than the actual change caused
by cells. Nevertheless, the extracted parameters provide a quan-
titative indication of how the electrical properties of cells change
during the differentiation process.
Fig. 6A and B illustrate the magnitude and phase histograms of
cells measured at 100 kHz. The increase in the magnitude values
for cells differentiated from 0 h to 48 h (Fig. 6A) mainly implicates
the increase in cell volume that occurs during cell differentiation.
As can be seen from Fig. 6B, the phase of the undifferentiated cells
(0 h) is generally larger than 0 degrees at 10 kHz, whereas the
phase of the differentiated cells (48 h) is less than 0 degrees. The
different phase values for cells at different differentiation states
can be attributed to the changes in the electrical properties of the
cell membrane such as membrane conductivity and permittivity.
The real-imaginary parts of the cell impedance at 100 kHz are
presented as a scatter plot in Fig. 6C. In all graphs, the cells at 0 h
(black) and at 48 h (red) are clearly distinguishable from each
other. However, the data of the cells at 24 h (cyan) span across the
whole magnitude/phase or real/imaginary range and exhibit pro-
nounced heterogeneity, indicating that cells are at the transition
state: part of the cells (roughly 30–40%) are differentiated whereas
others are not. A statistical analysis (magnitude/phase histograms
and real-imaginary scatter plot) was carried out for the impedance
data acquired at all frequencies (see Supplementary Information
Fig. S2, Fig. S3 and Fig. S4 for the analysis at selected frequencies).
We found that the undifferentiated cells (at 0 h) and the fully
differentiated cell (at 48 h) can be distinguished from each other
in the frequency range from 10 kHz to 300 kHz from the magni-
tude histograms. Outside this rage, the two data sets overlap, and
thus cannot be differentiated easily from the magnitude plots. On
the other hand, the phase histograms of the cells at 0 h and 48 h
start to show a difference at a relatively higher frequency (
80 kHz) compared with magnitude histograms, and the phase
difference between the two samples disappears above 1 MHz (i.e.,
the two data sets merge together). Furthermore, from the real-
imaginary scatter plots, the two populations (0 h and 48 h) can be
distinguished over a wide frequency span, from 10 kHz up to
1 MHz, as these plots basically combine both the magnitude and
phase information in one graph, i.e., Φ( ̃ ) = ̃ ( )Re Z Z cosnorm norm norm ;
Φ( ̃ ) = ̃ ( )Imag Z Z sinnorm norm norm . In summary, the most sensitive fre-
quency regions to distinguish different types of cells are: 10–
300 kHz from the magnitude histograms, 80 kHz–1 MHz from the
phase histograms, and 10 kHz–1 MHz from the real-imaginary
scatter plots.
Fig. 6D shows the impedance Cole-Cole plot, i.e., the real vs.
imaginary part of the cell impedance over the whole frequency
range from 100 Hz to 20 MHz, for all cell samples at 0 h, 24 h and
48 h. The Bode plots in Fig. 4 A and B show that cells at differentspeciﬁc capacitance (F/m2) Cytoplasm conductivity
(S/m)
Nucleoplasm conductivity
(S/m)
05 0.4970.16 0.9270.20
08 0.5970.20 1.1870.40
02 0.8470.12 1.8270.16
Fig. 6. Statistical analysis of stem cell differentiation. (A) Histogram showing the impedance magnitude of 18 cells versus count number at the frequency of 100 kHz.
(B) Histogram of impedance phase at the frequency of 100 kHz. (C) Real-imaginary scatter plot of cell impedance at 100 kHz. (D) Cole–cole plot (real-imaginary parts)
showing the impedance of all cell samples (i.e., differentiated at 0 h, 24 h and 48 h) in the whole frequency range of 100 Hz –20 MHz. (For interpretation of the references to
color in this ﬁgure legend, the reader is referred to the web version of this article.)
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frequency. This corresponds to the region in the Cole–Cole plot
where the highest density of data points is observed and where
the data sets of different samples overlap. Cells are distinguishable
at a particular frequency range from the magnitude and phase
information in the Bodes plots. Similarly, in the Cole–Cole plot,
there is an area where the undifferentiated cells (0 h) and differ-
entiated cells (48 h) exhibit a clear difference. Overall, the data
points of undifferentiated cells at 0 h mostly concentrate in a re-
latively small area where the real parts range from 0.95 to 1.2 and
the imaginary parts range from 0.1 to 0.1. On the other hand, the
data points corresponding to the differentiated cell at 48 h span
over a much larger circular area, with real parts ranging from 0.95
to 1.45 and imaginary parts from 0.25 to 0.2. Similar to the re-
sults shown in Bode plots, the data of cells differentiated at 24 h
seem to cover the whole scope, overlapping the data range ex-
hibited by cells at 0 h and 48 h.
The working hypothesis is that there must be a metastable
transition state (at the time point of 24 h) during stem cell dif-
ferentiation, from which ESCs have a choice to return to a naïve
pluripotent state or irreversibly prime for differentiation (Pagliara
et al., 2014). The transition could be used as a gateway to control
differentiation and reprogramming. Cell population tends to ex-
hibit a bimodal distribution (two distinct sub-populations) at the
transition state during differentiation (Huang, 2009). We have
observed in the impedance-based experiment that the degree of
heterogeneity of a cell population is the highest when cells arecharacterised after 24 h (i.e., the variation in impedance spectrums
among cells is the largest). The response of cells at 24 h tend to
divide into sub-groups: some cells tend to have similar response
compared to the undifferentiated cells (at 0 h), while others tend
to be similar to cells characterised after 48 h. We hypothesise that
the bimodality in impedance values would be more clearly ob-
served as the sample size increases (i.e., with more cells being
tested).
The proposed device has the beneﬁt that not only the fre-
quency response of an individual cell can be monitored, but also
the averaged spectra of multiple cells representing a particular
sample can be acquired and studied, due to the fact that a number
of single cells can be efﬁciently and simultaneously trapped in the
device. The impedance-based single cell study provides a quanti-
tative analysis of cell properties. We have also performed initial
experiments to verify the potential of using this device for long-
term cell trapping and impedance sensing; however this requires
the use of an incubator and external environmental control. Future
work will investigate integrating these functions within the device
to enable single cell studies within the device over a period of up
to several days (Bell, 2011) together with associated recording of
the impedance spectra.
4. Summary
A microﬂuidic device with integrated coplanar electrodes has
been demonstrated for trapping and impedance sensing of
Y. Zhou et al. / Biosensors and Bioelectronics 81 (2016) 249–258258individual cells. We have captured single mouse embryonic stem
cells in the proposed device based on hydrodynamic trapping
principles, monitored the impedance spectra corresponding to
each individual cell and studied cell heterogeneity during differ-
entiation using the impedance-based approach. Electrical para-
meters of stem cells are extracted by ﬁtting theoretical models to
experimental data. An increase in cell impedance has been found
during cell differentiation. On the other hand, the nucleus-to-cy-
toplasm ratio tends to decrease during this process. The degree of
heterogeneity of cells is observed to be the highest when the cells
are at the transition state (24 h), compare with that at the un-
differentiated (0 h) and fully differentiated (48 h) states. Not only
can this device be used to provide label-free and non-invasive
electrical parameter measurements of individual cells, but the
device can also be used to study the heterogeneity of cells in a
population, due to the efﬁcient parallel single cell trapping and
recording of impedance data. The proposed device can be adapted
to monitor dynamic changes in electrical properties of individual
cells over long periods of time by future integration of environ-
mental (particularly temperature) control within the device.Acknowledgements
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